Abstract
Introduction
Metallic antiquities and works of art, buried underground or exposed to moist air, suffer degradation, the rate of the attack and the composition of the corrosion products depending upon the metal and the environment [I] . Despite the great social importance of recovering these antiquities and conserving them in a good state, there is no general agreement on preferential conservation methods for different metals and alloys 121. As a matter of fact, several organic coatings have been proposed in the years to protect the cleaned artifacts; such coatings have to exert a barrier effect against air, acid gases, oxygen and other aggressive pollutants, whose amount increases more and more in the environment. Moreover the practical requirements for the coatings demand a resistance to handling and some ductility to cope with thermal expansion and volume exchanges from mild corrosion. Summarising the protective layers should remain as long as possible intact and uniform and should be both repairable and removable. Unfortunately, several common good coatings, which provide a durable protection, are often difficult to remove in case of necessity and this limits their use on valuable antiquities.
More reversible coatings such as the wax based ones can be an interesting alternative, but their duration as well as protection efficiency needs to be tested at regular intervals. Several techniques can be used to carry out these tests as well as to investigate the corrosion conditions of the surface. Examples of techniques [3] 
Electrochemical Impedance Spectroscopy
The electrochemical impedance spectroscopy consists in the measurement of amplitude and phase of the surface impedance of coated metallic objects at different frequencies in order to highlight the barrier properties of the coating. The impedance measurement is carried out by using a three-electrode cell whose structure is shown in Fig. 1 . The three electrodes are referred to as Counter electrode (C), Reference electrode (R) and Working electrode (W).
The impedance is measured between the reference and working electrode and is obtained as the ratio between the voltage VRW and the current ic, which flows through the cell.
The measurements have to be carried out by applying a small alternating voltage superimposed to a bias DC voltage between the C and W electrodes, in order to obtain meaningful results. The applied DC voltage has to be continuolsy changed in order to maintain a fixed predefined potential difference between the R and W electrodes electrodes in order to keep it constant. The alternating voltage, which is iequired for the impedance measurement, is also applieci between the same electrodes.
The impedance is typically measured in the frequency range of 1 mHz to 100 kHz, while the expected impedance amplitude is in the range of 10kQ to lOGQ, for coated surfaces and cells having an electrode surface of 10 crr?.
The proposed low-cost EIS system
Two are the m a n constraints which contribute to increase the cost of EZS systems. The first constraint i:s related to the wide frcquency range traditionally involved in EIS systems, which requires high quality electric circuits to be employed. This greatly increases the EIS cost anld requires long measurement sessions to gather the complete impedance spectra.
Fortunately, for the simple monitoring of memorial coatings, a compleie spectroscopic analysis can be often avoided, thus limiting the frequency span in the range of 0.1 Hz to 10 kHz.
This reduced frequency range appears to be acceptable when the scope of the measurement is to evaluate the protection efficiency of the coating, i.e. when the primary iinterest is to distinguish between highly resistive coalings exhibiting very good protection and coatings with marked porosity or macro defects, which present non negligible zones of exposed metal surface. On the contrary, the need for a very low frequency limit comes when the scope is to obtain kinetic infor nation about the electrochemical processes occurring within the metalkoal ing/electrolyte system.
The second constraint, which contributes to the high cost of EIS system:;, is connected to the high impedances Transimpedence amplifier presented by good coatings. Such high impedances, coupled to the low amplitude of the employed stimulations signals, lead to very small currents through the cell and requires high quality analog circuits. But, when the simple monitoring of memorial coatings is involved, impedance measurements above 10 MQ can be carried out with an uncertainty of up to 10% without impairing the instrument performance. Such frequency range and accuracy limitations allow a remarkable cost reduction to be obtained if a proper measurement strategy is employed.
The authors decided to employ a digital approach by converting the involved quantities into numeric samples by means of an Analog to ]Digital Converter (ADC) and by processing such samples with a time domain algorithm, which is able to greatly reduce both the signal distortion and noise effects.
In addition, instead of the conventional measurement of voltage and current, the authors employed a substitution measurement method (Fig. 2) , in order to directly determine the impedance.
The substitution method employs only one ADC, a variable-gain transimped,ance amplifier, and a multi-value resistive standard to determine the unknown impedance by means off a two-step procledure.
In the first step, the resistive standard is connected between the stimulus generator and the transimpedance amplifier input. The output of the transimpedance amplifier is sampled and the obtained samples are processed by means of the algorithm described in the appendix. The algorithm produces a complex nurnber M I , which is related to the applied voltage, to the standard resistance value, to the ADC sensitivity, and to the transimpedance amplifier gain: Is the standard resistance value. Is the complex value that takes the transimpedance gain and ADC sensitivity into account. In the second step, the electrochemical cell is connected in place of the standard resistor and a new measurement M2 is obtained without changing the applied voltage and the transimpedance amplifier gain:
where ZRwis the cell impedance.
the ratio between the two measurements:
The cell impedance is eventually obtained by means of (3) Such a substitution method allows a measurement to be performed even though both the applied voltage V and measuring chain characteristic K are only roughly known.
The two steps need not to be performed in sequence of each measured value. A complete set of measurements with the standard resistance is performed before switching to the cell in order to speed up the measurement procedure. This measurement set is obtained by a-priori selecting all the frequencies which will be used in the measurement session and by building a table of M1 values for all the transimpedance gains and frequencies.
The uncertainty on the impedance depends on several factors, but three main uncertainty sources can be highlighted:
0 Standard resistor uncertainty. This kind of uncertainty depends on the stability of the employed resistance standard and of the accuracy of its characterisation and is expected to be negligible with respect to the other uncertainty contributions. Environmental noise. This kind of uncertainty can lead to very severe problems especially when dealing with frequencies close to the power supply distribution frequency (50Hz or 60Hz depending on the country) or to its harmonics. A reduction of the environmental noise can be obtained by employing suitable shields, even though such a solution can be difficult to apply in the field.
Noise due to the limited resolution of the employed ADC. This is an uncertainty cause that is greatly reduced by the employed processing. The reduction, which can leave uncertainties of less than 0.05% on the amplitude and of less than 0.15" on the phase even though low resolution converters are employed, makes this contribution negligible with respect to the other ones.
Block diagram of the proposed EIS system
The block diagram of the EIS system and the structure of the test cell are shown in Fig. 3 . The EIS system is ADC. Such amplifier is designed to deliver transimpedances in the range of IO5 v /~ to 10" v /~ in six steps.
The standard resistor :is obtained by means of a set of resistors which can be switched by means of relays to produce the six resistance values required for the calibration of the six transimpedance gains.
The second DAC, which is present on the expansion board, is used to get rid of the DC components due to the cell DC current and to offset and bias of the transimpedance amplifier. This allows the AC current component to be amplified in order t mo use the complete AIC dynamic range. Such an AC component is eventually sampled by means of the AIC analog to digital converter.
The DSP performs the impedance measurement according to the algorithm, which is described in the appendix, and drives the LCD to show a pass-fail result. All the computed impedances are stored in the backed-up RAM and can be read by a PC through a parallel port. Measurements for frequencies in the range of 0.1 Hz to 7 kHz and for impedances in the range of I kL2 to 1 GL2 can be obtained.
The test cell is composed of a plastic vessel which is filled with an electrolytic solution. The vessel is closed at the top side by a piston and at the bottom (sensitive) side by a porous membrane; a rubber 0-Ring is used to provide the sealing between the vessel and the memorial.
A shielded electrode inserted into the solution acts as the reference electrode; the working electrode is the memorial surface while the counter electrode is positioned in the top section of the vessel near the piston. bits and are designed to work at a rnaximum speed of 20 kHz, even though higher values can be employed although with higher nncertainties. An expansion bums is present to add other components to the board and a parallel port is employed to program' the DSK by means of a standard Personal Computer and to exchange data.
The authors empmloyed i.he expansion bus to connect a special designed board, which contains a 32KVv'ord backed-up static RAM, two DAC convcrters, an LCD display, the resistive mndard, and some relays, which are used for configuring the input stages and the resistance standard.
Both DSK and the expansion board are powered by means of batteries, so that a completely portable system i s achieved.
The AIC is used to generate the stiinulation sinusoidal voltage. Such stimulation is summed to a DC voltage, produced by one of the two DACs (Cell Bias DAC), and applied to the cell.
The use of an external DAC for the bias generation allows thc full AIC dynamic range to be employed, thus reducing the signal noise to very low values.
A differential amplifier is used to get rid of the voltage drop around the counter electrode, thus ensuring that the applied voltage is p-ecisely present at the reference electrode.
The current which flows through the cell or through the resistive standard is converted into a voltage by means of the transimpedance amplifier and than sampled by the
Preliminary Results
The EI[S functionality has been tested by means of a known electric network that is connected to the EIS systcm instead of the actual cell. The network (Fig. 4) has been chosen to simulate ii measurement on a good coating which presents a low-frequency impedance of 20 M a . The resistor R, 1 simulatcs the resistance of the electrolytic solution between the reference and counter electrodes, while the impedance connected between the reference and working electrodes ( Z R~ simulates the behaviour of a typical electrochemical interface. All the components have been measured by means of an LRC bridge with an uncertainty of less than 0.1%. range of about 50 Hz to about 300 Hz because of the noise induced by the electric distribution network and the difficult to filter such a noise without reducing the signal amplitude. However the maximum amplitude difference is of about 2%, while the maximum phase difference is of 3"
Conclusions
An EIS system has been presented which can be used to monitor the coating status of works of art and antiquities. The proposed instrument is based on a commercial DSP board and has a very limited cost in comparison to other commercial EIS systems. It is battery operated and thus completely portable, even though an interface allows the measured data to be downloaded into a conventional PC to perform more complex analyses and data display. A prototype of the EIS system has been arranged and tested. An uncertainty of about 2% maximum has been obtained on the impedance amplitude and of less than 3" on the impedance phase when measuring a network which simulate the electrochemical cell. Most part of such uncertainty is due to electromagnetic compatibility problems which arise for measurements around the power supply frequency. An enhanced prototype is now under development which should reduce such problems.
Appendix: Amplitude and Phase estimation
Two versions of the algorithm can be employed to determine amplitude and phase of a distorted sinusoidal signal starting from its samples. The two algorithms differ as far as the a-priori knowledge of the signal frequency is conceived. If the signal frequency is only roughly known, it must be estimated form the measured samples in order to obtain meaningful results. The algorithm therefore firstly determines which signal, between current and voltage, has the greater amplitude and then tries fitting a four parameter model to its samples:
where Si are the samples of the selected signal, Ff is the signal frequency and Fs is the sampling frequency. This is the well known four parameter sine fitting [5] , which is linear in three (offset SO, cosine amplitude A, and sine amplitude A,) of the four parameters.
The proposed minimisation is based on a least square estimation that employs a time weighting window. Such a weighting window is required to reduce the effect of the non-synchronous sampling which otherwise would not allow a meaningful estimation to be obtained in the presence of signal distortions.
The three linear parameters are estimated for a defined signal frequency value Ff as: where:
where W I , W~, .
. ..WN are weighting coefficients th'at implemen a Hanning window on the estimation interval and N is the number o F the samples in the observation interval.
Once the three parameters have been obtained, the squared difference R between the original samples and the equivalent samples obtained by applying the model is computed:
The estimation is repeated by ad.justing the frequency 6 until a minimum of R is found. The process requires only a few iterations to converge, sirice, thanks to the EIS structure, the approximate frequency value is known, Once the proc'assing is complete., the sine and cosine parameters of the other signal are computed with the same processing, but using the already determined frequency value.
If the frequency is known in advance, for example because the stimulating signals are generated by using the same clock which is used to pace the Analog to Digital converters, the frequency estimation loop can be avoided and the offset and sine and cosine arnplitudes can be simply obtained by employing eq. (6).
The expected incertainty on the measured impedance due to the noise presence can be easily estimated if one observes that from eqn. (6) it can be obtained: where N is the number of samples in the observation interval, and the factor that appears in the formula is a consequence of the wa:y the coefficients cc i are produced. The same standard deviation holds for A, parameters too, as they are produced using the same processing.
